Over the past 15 years, malaria control measures, including insecticide-treated bed nets, insecticide sprays, and artemisinin-based combinational therapies, have resulted in a reduced global burden of malaria.^[@ref1]^ Globally, malaria cases have declined by 18% since the turn of the century, falling from an estimated 262 million in 2000 to 214 million in 2015, and malaria deaths have decreased by 48%, falling from ∼839,000 to ∼438,000 in the same time period.^[@ref2]^ Of the 100 malaria endemic countries, 35 are pursuing elimination.^[@ref3]^ Although these results are encouraging, increased parasite resistance to the most effective drug, artemisinin, may undo our progress.^[@ref4]−[@ref8]^ Although efforts are being made to restrict the spread of artemisinin-resistant parasites in Southeast Asia, resistance to other standard antimalarials, including chloroquine, pyrimethamine, and sulfadoxine, emerged in the same region of Southeast Asia and subsequently spread to Africa.^[@ref9]^ Indeed, sporadic reports of artemisinin resistance in Africa and South America may foreshadow a widespread loss of artemisinin efficacy.^[@ref10],[@ref11]^

Anticipating that artemisinin may soon need to be replaced, there has been a concerted effort to place new compounds, especially pan-life cycle compounds with novel mechanisms of action, into the antimalarial drug development pipeline.^[@ref12]^ One promising new class of multistage malaria drugs is the imidazolopiperazine class, including KAF156, a molecule currently in phase IIb clinical trials for both treatment and prevention of human malaria. KAF156 is well tolerated and orally bioavailable,^[@ref15]^ and with its potent multistage activity, it has the potential to be the first new antimalarial drug with not only therapeutic but also prophylactic and transmission-blocking activities. KAF156 could thus provide significant aid to malaria eradication. The exact mechanism by which KAF156 exerts its antimalarial activity is unknown, but parasite resistance to KAF156 is associated with the accumulation of mutations in the *Plasmodium falciparum* cyclic amine resistance locus (*pfcarl*).^[@ref16],[@ref17]^*Pfcarl* encodes a conserved protein of unknown function with seven conserved transmembrane domains. Analysis of yeast strains in which the *pfcarl* homologue was deleted^[@ref18]^ suggests that it plays a role in protein folding within the endoplasmic reticulum.^[@ref19]^ In addition, the protein has a conserved domain found in other eukaryotic organisms and mutations of the domain result in homeotic transformations during vertebrate development.^[@ref20]^ Here we present studies showing that resistance to an alternative compound class with a different phenotypic profile is also conferred through mutations in *pfcarl*. Specifically, we show that treating parasites with sublethal concentrations of MMV007564, a benzimidazolyl piperidine identified from phenotypic screens (previously reported EC~50~ = 0.5--0.9 μM) against asexual stages of *P. falciparum*,^[@ref21],[@ref22]^ selects for parasites that have acquired mutations in *pfcarl*. Investigations into the timing of action in the asexual blood stage and potency in different life cycle stages for MMV007564 and KAF156 reveal that PfCARL is not a common target but a common resistance mechanism for these two chemically distinct compound classes.

Results and Discussion {#sec2}
======================

In Vitro Selection Generated Asexual Blood Stage *P. falciparum* Lines Resistant to MMV007564 {#sec2.1}
---------------------------------------------------------------------------------------------

The benzimidazolyl piperidine MMV007564 has previously been identified in asexual blood stage screens for activity against the drug-resistant W2 (EC~50~ = 0.3 μM) and drug-sensitive 3D7 (EC~50~ = 0.5--0.9 μM) strains of *P. falciparum* while having low cytotoxicity.^[@ref21],[@ref22]^ However, liver and gametocyte-stage screens show that this compound has limited activity against non-asexual stages.^[@ref23]−[@ref28]^ Due to its drug-like properties, asexual blood stage potency in a drug-resistant line, fast/moderate parasite killing rate,^[@ref29]^ and novel chemical scaffold, we sought to gain insight into benzimidazolyl piperidine mechanisms of action and/or resistance development. We generated MMV007564-resistant (MMV007564^R^) asexual *P. falciparum* lines using an in vitro selection method ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) that has been previously used to associate compounds with their targets.^[@ref30]^ A clone of the *P. falciparum* reference genome parasite line 3D7 was isolated, and then three independent cultures derived from this clone were grown in the presence of compound at concentrations ranging from 3 to 10 × EC~50~ (EC~50~ = 513 ± 56 nM). Parasite sensitivity to MMV007564 was evaluated throughout the 2 month selection period. All three MMV007564^R^ cultures demonstrated a 4--5-fold shift in EC~50~ compared to the parental 3D7 at generation 13 (Gen13) after intermittent/continuous compound pressure at 3 × EC~50~, which increased to a 10--20-fold EC~50~ shift at Gen23 after continuous compound pressure was increased to 10 × EC~50~. A single clone for each independent culture was obtained by limiting dilution in the absence of the compound: MMV007564^R^-F1-A3, MMV007564^R^-F2-E5, and MMV007564^R^-F3-E2. Each clone had at least a 10-fold shift in MMV007564 EC~50~ compared to the parent ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). In contrast, there was no shift in EC~50~ for other antimalarials, including quinine (0.86--1.1-fold shift), atovaquone (1.0-fold shift for all three strains), and mefloquine (0.93--1.0-fold shift), indicating that resistance was specifically generated to MMV007564 ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). Additionally, the MMV007564^R^ clones had stable resistance to MMV007564 for 37 generations in culture without the compound ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![In vitro resistance selection with MMV007564 starting at 3 × EC~50~ pulse for 1.5 generations followed by continuous drug pressure at 3 × EC~50~ from generation 7 and 10 × xEC~50~ from generation 19, resulted in resistant lines as indicated by increasing fold EC~50~ shift from the 3D7 parent. Fold EC~50~ shifts are shown for three independent selections, F1 (red), F2 (green), and F3 (blue). Time points when cloning without drug for single-cell isolation were performed, and *pfcarl* mutations identified by whole genome sequencing analysis (heterozygous mutations in italics and homozygous mutations in bold) are indicated with arrows.](id-2016-00025h_0001){#fig1}

Whole Genome Sequencing (WGS) Identifies *pfcarl* as the Major Mutated Gene {#sec2.2}
---------------------------------------------------------------------------

To determine the genetic determinant of MMV007564 resistance, resistant parasites and the parental clone were analyzed using WGS. First, clonal samples were isolated at Gen30 in the absence of compound pressure and analyzed at Gen50 to identify common genes mutated across all three independent cultures ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). After the clones had been sequenced to \>60× coverage using paired-end reads, the sequences were aligned to the 3D7 reference genome and variants were called. To identify newly emerged genomic changes, the set of variants identified in each resistant clone was compared to the set of variants identified in the parent clone, which was isolated immediately prior to selections. After this comparison, only eight total mutations distinguished the resistant clones from their isogenic parent, and these were evenly split between single nucleotide variants (SNVs) and insertion/deletions (INDELs) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). INDEL mutations were made up of three intergenic and one intronic mutation, whereas SNVs were composed of one intergenic and three non-synonymous mutations. All three non-synonymous SNVs mapped to a single gene, Pf3D7_0321900, previously named the *P. falciparum* cyclic amine resistance locus (*pfcarl*). Each clone encoded a different variant amino acid: L833I (7564-F2-E5), L1073Q (7564-F3-E2), and L1136P (7564-F1-A3) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

###### SNV and INDEL Mutation Summary across Generations Passing All Filters

                                 generation 16   generation 28   generation 50                                                       
  ------------------------------ --------------- --------------- ------------------------- ------- ------- ------- -------- -------- -------
  genome coverage (*x*)          65.15           102.48          70.1                      81.34   63.85   79.76   111.06   106.81   86.12
  \% covered by ≥15 reads        94.6            96.7            94.9                      95      86.6    89.6    97.5     97.5     96.6
  **SNVs Identified**                                                                                                                
  total mutations                6               1               9                         0       0       1       2        1        1
  intergenic                     5               0               5                         0       0       0       1        0        0
  intronic                       1               1               4                         0       0       0       0        0        0
  synonymous                     0               0               0                         0       0       0       0        0        0
  non-synonymous                 0               0               0                         0       0       1       1        1        1
  genes mutated in all samples   none            none            *Pf3D7_0321900: PfCARL*                                             
  **INDELs Identified**                                                                                                              
  total mutations                1               2               2                         0       0       0       1        1        2
  intergenic                     0               0               1                         0       0       0       0        1        2
  intronic                       1               2               1                         0       0       0       1        0        0
  synonymous                     0               0               0                         0       0       0       0        0        0
  non-synonymous                 0               0               0                         0       0       0       0        0        0
  genes mutated in all samples   none            none            none                                                                

To further investigate the temporal acquisition of resistance as well as to determine if the clones we selected at Gen50 were representative of the primary resistance mechanism of MMV007564, we sequenced two additional samples from uncloned cultures taken before the sharp increase in EC~50~ (Gen16) and immediately before clonal isolation (Gen28). These bulk population samples were sequenced instead of individual clones, as we sought to not only identify when mutations arose but additionally wanted to determine if multiple independent *pfcarl* mutations could be observed in one selected population.

Variants were identified using the same filters applied to the clonal set, removing positions that did not correspond to at least one sample with a mixed read ratio \<0.2 (reference allele reads/total reads). This resulted in 15 variants in Gen16 (11 SNVs and 4 INDELs) and one SNV in Gen28 ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}; [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_002.xlsx)). Gen16 was composed of only intronic and intergenic mutations; however, Gen28 contained one non-synonymous *pfcarl* mutation in flask 3 (L1073Q), the same mutation found at Gen50 in the flask 3 clone (7564-F3-E2). These results indicate that a majority of the *pfcarl* mutations did not outcompete the entire population, but existed as subpopulations in each flask.

To further examine *pfcarl* mutations present in only a subset of the polyclonal population, we reanalyzed mutation calls in both generations while removing the read ratio filter applied previously ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). This resulted in totals of 243 and 84 variants called in Gen16 and Gen28, respectively. A majority of variants were intergenic or intronic in Gen16, with only 31/243 mutations occurring within an exome region. Conversely, Gen28 had an even distribution of variants, with 49/84 coding region mutations. Three total mixed read SNV calls in *pfcarl* were identified in Gen16 and Gen28 cultures, with two different SNVs found at each time point. Calculating the binomial distribution, the frequency of mixed-read *pfcarl* variants was significant in both generations (Gen16, *p* = 0.000021; Gen28, *p* = 0.000053), suggesting the gene was selected for even in the polygenic populations. Flask 2 contained the SNV L833I at both Gen16 and Gen28 at mixed read ratios of 0.37 (46/124 and 24/64, respectively), which was the primary mutation found in flask 2 at Gen50. All three flasks contained the same nucleotide mutation, resulting in the SNV F1109L at Gen16 at mixed read ratios of 0.68 (15/22), 0.73 (90/122), and 0.25 (12/48) for flasks 1, 2, and 3, respectively. This mutation was not seen, however, in any of the subsequent generations. Similarly, the SNV Q821H was seen at Gen28 in flasks 1 and 2 at heterozygous read ratios of 0.31 (28/88) and 0.62 (44/71), respectively, but this mutation was also not seen in any of the other generations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

Our results demonstrate that parasites with the L833I-encoding variant emerged early in the selection experiment but that parasites bearing this mutation did not out-compete other parasites in flask 2. The variant was only identified as a homogeneous call once the culture was cloned. The L1073Q-coding variant likely rose to fixation between generations 16 and 28 in flask 3, because this mutation was undetected at Gen16, yet had mixed read ratios of 0.00 in Gen28 (0/32) and Gen50 (0/48). In the analysis of the EC~50~ fold shifts across these generations, it is most likely this mutation occurred between generations 16 and 22, as flask 3 had an observable spike in EC~50~ during this time. L1136P was found only at Gen50 in flask 1, implying the mutation arose between Gen28 and Gen50. The final two mutations, Q821H and F1109L, were not found at Gen50 but may represent mutations that resulted in initial resistance. F1109L was found in all three flasks but only in Gen16, implying the mutation was out-competed between Gen16 and Gen28. Q821H was found in Gen28, but was not observed in the Gen50 clones that were sequenced. These results demonstrate the importance of analyzing mixed cultures as well as multiple clones from each population, as it provides a greater understanding of how the mutations developed over time, and some clonal mutations may not have represented the entire population.

Differential Cross-Resistance of MMV007564 and KAF156-Resistant Asexual Blood Stage *P. falciparum* Lines to Imidazolopiperazines and Benzimidazolyl Piperidines {#sec2.3}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

Previous in vitro selection studies in *P. falciparum* using the imidazolopiperazines GNF179,^[@ref17]^ GNF707, GNF452, and KAF156^[@ref16]^ resulted in resistant lines with 13 different mutations in PfCARL ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}; [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_002.xlsx)), occurring either singly or in combination. Except for the Q821H mutation found in the polyclonal MMV007564^R^ flask 1 and 2 samples at Gen28, none of the mutations found in the MMV007564^R^ cultures overlapped with the PfCARL variants identified in the imidazolopiperazine-resistant lines.^[@ref16],[@ref17]^ The vast majority of the PfCARL resistance mutations for both the imidazolopiperazines and MMV007564 were present at or near the predicted transmembrane domains of the protein, and all PfCARL mutations found in the MMV007564^R^ clones (L833I, L1073Q and L1136P) were within 10 bases of suspected resistance-conferring PfCARL alleles (L830 V, E834D, M1069I, S1076N/R/I, and I1139K) that emerged after imidazolopiperazine exposure ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}; [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_002.xlsx)). These data suggest a shared structure--function relationship. Similar to the imidazolopiperazine resistance mutations,^[@ref16],[@ref17]^ PfCARL mutations found in MMV007564^R^ lines were in a conserved region of this protein family (DUF747) found across all eukaryotic phyla, suggesting that these resistance loci play an important biological role in PfCARL function.

![Non-synonymous SNVs in PfCARL: novel SNVs in MMV007564^R^ clones F1-A3 (red solid circle), F2-E5 (green solid circle), and F3-E2 (blue solid circle), known SNVs implicated in imidazolopiperazine resistance (black solid circles),^[@ref16],[@ref17]^ SNVs in polyclonal cultures of MMV007564^R^ (black open circles) and SNVs in 2517 sequenced global field isolates (gray solid circles).^[@ref57]^ Transmembrane domains are indicated by brown solid squares, and purple brackets indicate the DUF747 domain. Amino acid mutations are indicated in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_002.xlsx).](id-2016-00025h_0002){#fig2}

To test the theory of shared genetic resistance between the two compound classes, we characterized the extent of cross-resistance between MMV007564^R^ and a triple-mutant KAF156-resistant line (KAF156^R^: M81I, L830V, S1076I) using MMV007564, KAF156, and GNF179 ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). KAF156 and its close analogue GNF179 differ only in the halogen atom attached at the para position in the benzene ring ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a).^[@ref16],[@ref17]^ Unlike the MMV007564^R^ lines, the KAF156^R^ line exhibited cross-resistance to all three compounds. Two of the MMV007564^R^ PfCARL mutant lines conferred resistance to either KAF156 (L833I) or GNF179 (L1136P), whereas the MMV007564^R^ PfCARL L1073Q mutant was not cross-resistant to either of the imidazolopiperazines tested. This suggests that various PfCARL mutations in the MMV007564^R^ lines are compound class specific and have different efficacies in conferring resistance to the imidazolopiperazines tested.

![Chemical structures of imidazolopiperazines and benzimidazolyl piperidines used in this study: (a) imidazolopiperazines; (b) MMV007564 and other benzimidazolyl piperidines where the methyl benzyl group of MMV007564 is replaced with different chemical groups; (c) benzimidazolyl piperidines where the thiophene of MMV007564 is replaced with different chemical groups.](id-2016-00025h_0003){#fig3}

###### Cross-Resistance between MMV007564- and Imidazolopiperazine-Resistant Lines with Imidazolopiperazines and Active Benzimidazolyl Piperidines with EC~50~ Values \<3.5 μM against the 3D7 Parent[a](#tbl2-fn1){ref-type="table-fn"}

![](id-2016-00025h_0005){#fx1}

Statistical analysis was performed using two-tailed *t* test when comparing mean EC~50~ values in the KAF156^R^ line against the parental Dd2 and ordinary one-way ANOVA followed by Dunnett's multiple-comparisons test when comparing mean EC~50~ values in three MMV007564^R^ lines against parental 3D7 (\*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001; \*\*\*\*, *p* \< 0.0001). Light to dark blue shading indicates significant 2--370-fold EC~50~ shift compared to parental line.

To reveal structure--activity relationships (SAR), commercially available MMV007564 analogues were tested against the parental 3D7 cell line ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c; [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}; [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). The analogues either had the methyl benzyl (substructure A) or the thiophene (substructure B) of MMV007564 replaced by different chemical groups ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c). A methyl benzyl in substructure A with the methyl at either the meta or para position (MMV007564, **4** and **5**) appeared to be important for activity in 3D7 parasites ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}; [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). In general, having an aromatic ring in substructure B was important for activity (MMV007564, **6**--**9**), but the heteroatom nitrogen (**7**) or oxygen (**9**) in the aromatic ring was not preferred ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}; [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). Next, we tested cross-resistance of PfCARL mutant lines against these analogues. Interestingly, all MMV007564 analogues considered active against parental 3D7 (EC~50~ values \<3.5 μM) had significantly reduced activity against both the KAF156^R^ line and all three MMV007564^R^ mutants, although at various levels ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The KAF156^R^ line was ∼370-fold resistant to imidazolopiperazines, whereas the KAF156^R^ and MMV007564^R^ lines were 2--17-fold resistant to benzimidazolyl piperidines ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). We speculate that the high level of imidazolopiperazine resistance of the KAF156^R^ line is due to the presence of triple mutations in PfCARL. As shown in previous studies, imidazolopiperazine resistant lines containing multiple PfCARL mutations were most likely to have ≥40-fold imidazolopiperazine resistance in contrast to lines with single PfCARL mutations.^[@ref16],[@ref17]^ In the absence of MMV007564^R^ lines with multiple PfCARL mutations, it is not known whether the same is true for benzimidazolyl piperidine resistance. Structural studies will help elucidate how imidazolopiperazine and benzimidazolyl piperidine interact with PfCARL and determine how the various mutations identified in this locus contribute to resistance. Nevertheless, our current data provide novel avenues to pursue SAR.

MMV007564 and Imidazolopiperazines Have Varying Potencies against the Different *P. falciparum* Life Cycle Stages {#sec2.4}
-----------------------------------------------------------------------------------------------------------------

Because PfCARL mutations mediate resistance of asexual blood stage *P. falciparum* to both benzimidazolyl piperidines and imidazolopiperazines, we hypothesized that these two compound classes share a common target. *P. falciparum* has a tightly regulated intraerythrocytic developmental cycle (IDC) in which proteins reach peak expression at various stages during the cycle.^[@ref31]^ Parasites are therefore most susceptible to a small molecule inhibitor during the stage of the IDC in which the target of the molecule is expressed and generally unaffected during those stages when the target is not expressed. We therefore sought to determine whether asexual blood stage parasites were most susceptible to both benzimidazolyl piperidines and imidazolopiperazines at the same life cycle stage, suggestive of a shared target ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}; [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). To test this, synchronized 3D7 parasites were incubated with either MMV007564 or GNF179 at various times throughout one complete asexual IDC (0--46, 0--12, 12--24, 24--36, or 36--46 h), and parasite ring burden was calculated at the 46th hour.

![(a) Susceptibility of the different asexual blood stages to 10 × EC~50~ of MMV007564 (red arrow) and GNF179 (blue arrow) at different time points starting from tightly synchronized, 0--5 h old rings. Top panel is no compound. Arrows indicate the period when each compound was present in the culture (0--46, 0--12, 12--24, 24--36, 36--46 h). (b) Bars indicate average ring-stage parasitemia at the 46 h time point, and error bars indicate standard deviation for three independent experiments. Broken lines at 1% rings indicate starting parasitemia at 0 h.](id-2016-00025h_0004){#fig4}

Neither culture treated with compound from ring stage for 46 h advanced past the trophozoite stage. In addition, there were no obvious morphological differences between the compound-treated parasites. However, when we looked at progression to the ring stage in the next generation, there was a marked difference in the effect of MMV007564 and GNF179 on the IDC at 0--12, 12--24, and 24--36 h treatments. At 0--12 h treatments, MMV007564-treated parasites doubled the ring parasitemia in the next generation, whereas GNF179-treated parasites remained below the starting ring parasitemia. Interestingly, the 12--24 and 24--36 h treatments had the opposite effect. At these time points, GNF179-treated parasites at least doubled in the next generation, whereas MMV007564-treated parasites remained below the starting ring parasitemia. Therefore, 0--12 h asexual blood stage was most susceptible to GNF179, whereas 12--36 h asexual blood stage was most susceptible to MMV007564, indicating that these compounds likely target different proteins essential for asexual blood stage development.

To further define if the compound classes act on two distinct proteins, MMV007564 and KAF156 were assayed against *P. berghei* liver stages and *P. falciparum* stage V gametocytes^[@ref32]^ to test for multistage activity ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}; [Figure S3b,c](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). KAF156 remained equally efficacious in the liver and sexual stages with EC~50~ values not varying significantly from that of the asexual blood stage. In contrast, MMV007564 EC~50~ values for *P. berghei* liver stages and *P. falciparum* stage V gametocytes are 2- and 5-fold higher than the EC~50~ for the asexual blood stage, respectively. The reduction in MMV007564 efficacy in the sexual blood stage is more pronounced looking at EC~90~ values, with a 9-fold decrease compared to that of the asexual stage.

###### Potency of MMV007564 and KAF156 at Different *Plasmodium* Life Cycle Stages[a](#tbl3-fn1){ref-type="table-fn"}

                                       EC~50~ (nM) ± SD       EC~90~ (nM) ± SD                     
  ------------------------------------ ---------------------- ------------------ ----------------- ----------
  3D7 asexual blood stage              513 ± 56               10 ± 3             1010 ± 58.0       26 ± 7.0
  *P. berghei* liver stage             1250 ± 248\*\*         10 ± 9             2610 ± 437        13 ± 11
  *P. falciparum* stage V gametocyte   2706 ± 400.2\*\*\*\*   4 ± 1              9121 ± 4018\*\*   21 ± 8.4

Statistical analyses were performed using ordinary one-way ANOVA followed by Dunnett's multiple-comparisons test to compare mean EC~50~ values in liver and gametocyte stages against asexual blood stage for each compound (\*\*, *p* \< 0.01; \*\*\*\*, *p* \< 0.0001).

Conclusions {#sec2.5}
-----------

Results of this study suggest that the SNVs observed in *pfcarl* in our in vitro generated MMV007564^R^ lines are the genetic determinants for MMV007564 resistance. We have ruled out *pfcarl* SNVs as compensatory mutations due to the following observations: (1) mutations in different regions of *pfcarl* arose independently in three separate selection flasks; (2) MMV007564^R^ lines were cross-resistant with imidazolopiperazines, a distinct class of compounds previously shown to have *pfcarl* mutations as the genetic determinant of resistance; (3) an independently generated imidazolopiperazine-resistant line was cross-resistant with MMV007564 and other benzimidazolyl piperidines; and (4) this and previous studies with various *pfcarl* mutant lines have found a lack of cross-resistance to standard antimalarials, including mefloquine, artemisinin,^[@ref16]^ quinine, and atovaquone, implying the cross-resistance seen in this study is specific to the benzimidazolyl piperidine and imidazolopiperazine compound classes.

Experiments to identify the cell cycle window in which each compound exerted its maximal effect revealed that GNF179 and MMV007564 were more effective at different asexual stages, implying that they have different cellular targets. If PfCARL was the direct target of both GNF179 and MMV007564, one would expect the two compound classes to be most effective at similar stages, as previous studies have reported constitutive expression for PfCARL across the IDC with a lack of gene regulation or significant changes in gene expression.^[@ref31],[@ref33],[@ref34]^ Therefore, given the varying efficacy observed between the benzimidazolyl piperidine and imidazolopiperazine, PfCARL is most likely a common resistance mechanism. Early asexual ring stages were most susceptible to GNF179, whereas late ring to trophozoite stages were most susceptible to MMV007564. These results may suggest the two compounds target different proteins crucial at different asexual blood stage development or that there is varying permeation of the compounds into the infected RBCs. With MMV007564 having a higher calculated log *P* of 4.58 compared to that of KAF156 (2.76) and GNF179 (3.16), it is possible that the early ring stage infected RBCs are permeable enough for GNF179 but not for MMV007564. However, this is inconsistent with our results, where the more permeable late stage infected RBCs are less susceptible to GNF179. Therefore, it is more probable that the various timings of action between MMV007564 and GNF179 are due to having different targets rather than having different permeation properties. Consistent with the possibility that the two compound classes have different targets, MMV007564 had reduced efficacy in the liver and sexual blood stages, whereas KAF156 remained active.

Both the imidazolopiperazine and benzimidazolyl piperidine series possess a six-member ring fused to an imidazole. One of the H-bond acceptor nitrogens occupies the same position in the imidazole for both compound series ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). However, the pharmacophores of the imidazolopiperazines and the benzimidazolyl piperidines do not overlap. Extensive SAR with imidazolopiperazines has shown that an aniline and an aryl group attached to the imidazole are required for activity,^[@ref35],[@ref36]^ features not present in the benzimidazolyl piperidine series. Given these observations, it may be that PfCARL is a resistance mechanism that prevents the benzimidazolyl piperidines and imidazolopiperazines from acting on their yet unidentified targets.

It is not uncommon for unrelated antimalarials to have common genetic determinants of resistance, reflecting either a multidrug-resistance mechanism or a common drug target. The two most well-studied multidrug-resistance mechanisms involve PfCRT and PfMDR1,^[@ref37]^ both localized in the digestive vacuole membrane and members of the drug/metabolite and ATP-binding cassette transporter families, respectively. The K76T mutation in PfCRT is a validated marker for chloroquine resistance. PfCRT haplotypes also influence susceptibility to other antimalarials including amodiaquine, quinine, and lumefantrine. Mutations and copy number variations in *pfmdr1* have been reported to influence susceptibility to lumefantrine, artemisinin, quinine, mefloquine, halofantrine, and chloroquine. Both PfCRT and PfMDR1 seem to be involved in the transport of these compounds away from their actual targets in the parasite.^[@ref37],[@ref38]^ Recently, drug target identification efforts have identified other common genetic determinants of resistance for unrelated compound classes such as (1) dihydroorotate dehydrogenase (PfDHODH) mutations conferring resistance to alkylthiophenes^[@ref39]−[@ref41]^ and triazolopyrimidines;^[@ref41]−[@ref44]^ (2) P-type cation transporting ATPase (PfATP4) mutations conferring resistance to spiroindolones, pyrazoles, dihydroisoquinolones, and a number of antimalarial agents in the Medicines for Malaria Venture (MMV) Malaria Box;^[@ref45]^ (3) cytochrome *bc*~1~ mutations conferring resistance to atovaquone,^[@ref46],[@ref47]^ decoquinate,^[@ref48]^ tetracyclic benzothiazepines,^[@ref49]^ 4(1*H*) pyridones,^[@ref50]^ a diversity-oriented synthesis probe,^[@ref51]^ and quinolone-3-diarylethers;^[@ref52]^ and (4) phosphatidylinositol-4-OH-kinase (PI4K) mutations conferring resistance to imidazopyrazines^[@ref53]^ and 2-aminopyradines.^[@ref54]^ For each of the PfDHODH, PfATP4, cytochrome *bc*~1~, and PfPI4K inhibitors, there is functional and/or biochemical validation that these unrelated chemotypes directly interact with the mutated target, indicating common targets instead of multidrug-resistance mechanisms.^[@ref39],[@ref40],[@ref42],[@ref43],[@ref45]−[@ref50],[@ref52]−[@ref54]^ Diverse chemotypes hitting the same targets may indicate that such common targets play critical biological roles and that there are a limited number of accessible drug targets in *Plasmodium*. Recent in silico target profiling indeed showed that only 4% of the *P. falciparum* genome is druggable.^[@ref55]^ This, however, is a conservative estimate because the applied ligand-based prediction is limited to available ligands or orthologous targets in public databases.^[@ref55]^

The PfCARL mutations we have identified as conferring benzimidazolyl piperidine and imidazolopiperazine resistance have not been observed in 2517 sequenced global field isolates ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}; [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_002.xlsx)).^[@ref56],[@ref57]^ Unlike the resistance mutations, which cluster at or near the transmembrane domains, natural diversity is mostly found elsewhere in the protein ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}; [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_002.xlsx)). This suggests that natural polymorphisms in transmembrane regions may be limited due to functional constraints. For the few naturally occurring SNVs at or near the transmembrane domains, it would be beneficial to determine whether the field isolates harboring such mutations are more resistant to benzimidazolyl piperidines and imidazolopiperazines compared with those with mutations in other regions of the protein.

MMV007564^R^ and KAF156^R^ parasites emerged relatively quickly. At 10^9^ 3D7 inoculum, MMV007564^R^ parasites emerged only 15 days after a short pulse at 3 × EC~50~ followed by 3 × EC~50~ continuous drug pressure. Similarly, KAF156^R^ parasites emerged after 17 days from a 10^9^ Dd2 inoculum after 3 × EC~50~ of continuous drug pressure.^[@ref16]^ This time to resistance evolution in vitro is comparable to that of atovaquone, known to generate resistant parasites readily (16--30 days with 10^8^ inoculum),^[@ref52]^ and relatively fast compared with several other compounds (30--100 days with 10^9^ inoculum).^[@ref41],[@ref49],[@ref58],[@ref59]^ It should be noted, however, that evolution of resistance depends on parasite strain, concentration of selection agent, and number of mutations required for resistance, making direct comparisons between studies difficult.^[@ref60],[@ref61]^ Furthermore, this and other studies have shown that a single amino acid change in PfCARL is enough to give rise to imidazolopiperazine and benzimidazolyl piperidine resistance in vitro. From these observations, we speculate that imidazolopiperazine and benzimidazolyl piperidine resistance might be easily acquired in the field and/or that there might be pre-existing resistance to these inhibitors. This will have an implication in the field efficacy of KAF156, an imidazolopiperazine currently in clinical trials. Thus, the identification of a suitable partner drug for KAF156 will be crucial to protect its efficacy. This has been effective in prolonging the useful lifespan of atovaquone, which despite resistance readily evolving in vitro, in vivo, and in the field,^[@ref47],[@ref62]−[@ref64]^ has been used as an effective antimalarial with its partner drug, proguanil.^[@ref65]^ With regard to the application of MMV007564, the benzimidazolyl piperidine may be useful as a potential asexual antimalarial but, due to its limited activity in nonasexual stages, would not be suitable as a pan-stage candidate.

PfCARL is a conserved protein of unknown function. Previous studies have found that PfCARL homologues may play a role in protein folding within the endoplasmic reticulum in yeast^[@ref18],[@ref19]^ and homeotic transformations during vertebrate development.^[@ref20]^ Understanding the function of PfCARL will be important to develop strategies that circumvent this common drug-resistance mechanism.

Methods {#sec4}
=======

Sources of Compounds and Parasite Lines and Culturing {#sec4.1}
-----------------------------------------------------

MMV007564 (synonym GNF-Pf-4877^[@ref32]^) was obtained from GlaxoSmithKline and is freely available as part of the Medicines for Malaria Venture's (MMV) Malaria Box. The following MMV007564 analogues and control antimalarials were commercially obtained: compounds **1** (C776-1565), **2** (C776-4170), **3** (D264-0067), **4** (C776-3796; synonym MMV019741,^[@ref22]^**5** (C776-3971), **6** (C776-3599; synonym GNF-Pf-2535^[@ref32]^), **7** (C776-3523), **8** (C776-3534), **9** (C776-3561), **10** (C776-3585), **11** (C776-3587), **12** (C776-3670), **13** (C776-3575), and **14** (C776-3628) were from ChemDiv, USA; quinine, atovaquone, and mefloquine were from Sigma-Aldrich, USA. The imidazolopiperazines, KAF156 and GNF179, were synthesized as described previously.^[@ref25],[@ref35]^

The following asexual blood stage *P. falciparum* strains were originally obtained through MR4 as part of the BEI Resources Repository, NIAID, NIH: 3D7, MRA-102, deposited by D. J. Carucci; and Dd2, MRA-156, deposited by T. E. Wellems. The fast growing clone of 3D7, IG06,^[@ref66]^ was used in this study. The Dd2 strain resistant to KAF156 and KAF179 was generated in a previous study (clone B3) and sequenced in our laboratory as the strain mutations were previously identified using microarray.^[@ref17]^ Parasites were cultured by standard methods^[@ref67]^ in RPMI 1640 medium supplemented with 28 mM NaHCO~3~, 25 mM HEPES, 25 μg/mL gentamicin, and 0.5% AlbuMAX II (Life Technologies 11021-045).

Transgenic hepatoma cells (HepG2-A16-CD81-EGFP) were obtained from the laboratory of Dominique Mazier (INSERM, France).^[@ref68]^*P. berghei* luciferase sporozoites (strain MRA868) were obtained by dissection of infected *Anopheles stephensi* mosquito salivary glands supplied by the New York University Insectary. *P. falciparum* stage V gametocytes were obtained from SANARIA by Dr. Stephen L. Hoffman.

In Vitro Selection of MMV007564-Resistant Asexual Blood Stage *P. falciparum* Lines {#sec4.2}
-----------------------------------------------------------------------------------

To generate MMV007564^R^ asexual blood stage *P. falciparum* lines, an initial intermittent followed by continuous drug pressure was applied to 3D7 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Three culture flasks, equivalent to three independent selections (flasks 1, 2, and 3), each with 10^9^ 3D7 parasites, were pressured with 3 × EC~50~ (1.5 μM) of MMV007564 for 3 days until no live parasites were detected by microscopy. The compound was then washed off, and parasites were allowed to recover, with medium changes every 2--3 days. When the parasitemia reached ∼2% (10^9^ inoculum), the cultures were once again drug-pressured at 3 × EC~50~. Pressure was subsequently increased to 10 × EC~50~ (5 μM), as the parasites did not die off under continuous drug pressure at 3 × EC~50~. Due to limitations in MMV007564 availability, the inoculum size was reduced to 5 × 10^7^ at this time. Parasites continued to grow at a typical multiplication rate at 10 × EC~50~. At different time points during the selection process, in vitro sensitivities to MMV007564 and control antimalarials by a SYBR Green I-based cell proliferation assay were performed to monitor MMV007564 resistance, and aliquots of infected red blood cells (RBCs) were collected for genomic DNA (gDNA) extraction and whole genome sequencing to monitor the acquisition of mutations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). After MMV007564 resistance was confirmed for the parasites growing in 10 × EC~50~, each of the three independent selections was cloned by limiting dilution in the absence of the compound, with an inoculum size of 0.2--0.05 infected RBCs per well. Parasite clones were detected by microscopy after ∼3 weeks of growth. Resistant parasites were cryopreserved in a solution composed of 28% glycerol, 3% sorbitol, and 0.65% sodium chloride.

Genomic DNA Extraction, Preparation, and Analysis of Sequenced Samples {#sec4.3}
----------------------------------------------------------------------

Parasites were isolated from erythrocytes by washing infected RBCs with 0.05% saponin. gDNA was subsequently isolated by following standard DNeasy Blood and Tissue Kit protocols (Qiagen). DNA libraries were prepared with the Nextera XT kit (catalog no FC-131-1024, Illumina) using the standard dual index protocol and sequenced on the Illumina HiSeq 2500 using a RapidRun mode and sequencing 100 base pairs deep on either end of the fragments. Paired-end reads were aligned to the *P. falciparum* 3D7 reference genome (PlasmoDB v. 13.0), following the Platypus pipeline as previously described.^[@ref69]^ Mutations, however, including SNVs and insertion/deletions (INDELS), were called using GATK's HaplotypeCaller, filtering mutations based on general recommendations from GATK ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf)). Samples were additionally filtered by removing positions where read coverage was \<5 in the parent and any position where all samples had a heterozygous ratio \>0.2 (reference/total reads).

Binomial Distribution Calculation of Polyclonal Mutations {#sec4.4}
---------------------------------------------------------

The binomial distribution was calculated for the mixed read variant calls in both Gen16 and Gen28. Calculations were conducted in Excel with the BIOM.DIST(*x*,trials,*p*,FALSE) function, where *x* was the number of successes (2 for Gen16 and Gen28), trials was the number of total exome region mutations (Gen16 = 31, Gen28 = 49), and *p* was the probability of randomly generating a mutation in *pfcarl*, which was the fraction of bases in *pfcarl* versus the entire genome (4968/23292622).

Dose Response Assay Phenotyping for *P. falciparum* Asexual Blood Stage {#sec4.5}
-----------------------------------------------------------------------

In vitro drug sensitivities of asexual blood stage MMV007564^R^ lines, the KAF156^R^ line, and their respective 3D7 and Dd2 parents were determined using a SYBR Green I-based cell proliferation assay.^[@ref70]^ Twelve-point curve dilution series of the test compound were additionally carried out in duplicate or triplicate on the same day and replicated on at least three different days. The EC~50~ values were calculated using a nonlinear regression curve fit in Prism 5 (GraphPad Software Inc.) Parasite lines were considered resistant if their EC~50~ values significantly increased at least 2-fold from that of the parent.

Timing of Action of MMV007564 and GNF179 in *P. falciparum* Asexual Blood Stage {#sec4.6}
-------------------------------------------------------------------------------

To compare the timing of action for MMV007564 and GNF179 in *P. falciparum* asexual blood stages, tightly synchronized 0--5-h-old ring stage 3D7 parasites were prepared using the method of Witkowski et al. with some modifications.^[@ref71]^ Schizonts were purified by a 35%/65% discontinuous Percoll (Sigma-Aldrich, USA) gradient, washed in RPMI-1640, and cultured for 5 h to allow re-invasion into fresh RBCs. To remove remaining schizonts and hence purify 0--5-h-old rings, the culture was treated with 5% [d]{.smallcaps}-sorbitol (Sigma-Aldrich, USA). The purified 0--5-h-old rings were adjusted to 1% parasitemia and 2% hematocrit in 1 mL culture volumes and then incubated for 46 h until the next ring stage. MMV007564 and GNF179 at 10 × EC~50~ (5 μM and 40 nM, respectively) were added to the cultures at 0--12, 12--24, 24--36, 36--46, 0--24, 24--46, and 0--46 h. At these drug concentrations, approximately 99.9% of the parasites are expected to be killed based on a 72 h drug assay (MMV007564 EC~99.9~ = 4.4 ± 1.0 μM; GNF179 EC~99.9~ = 27 ± 17 nM; see [Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf) for Hill slopes). A no compound control was included. Smears for microscopy were prepared at 0 h and every 10--12 h for 46 h. The experiment was replicated on three different days.

Dose Response Assay Phenotyping for Multistage Activity {#sec4.7}
-------------------------------------------------------

Liver-stage activity was determined by pretreating hepatic human cells (HepG2) for 2 h with a 12-point curve dilution series of test compound in 1536-well plates infected with freshly dissected *P. berghei* sporozoites. After 48 h of incubation, the viability of *P. berghei* exoerythrocytic forms (EEF) was measured by luminescence reaction light output using BrightGlo (Promega). Dose response curves were repeated on three different days to calculate an average EC~50~ value.

Sexual-stage activity was determined by testing each test compound against late-stage *P. falciparum* gametocytes using a MitoTracker fluorescent-based assay. Briefly, synchronized stage V gametocytes were incubated with compound for 72 h, after which MitoTracker Red CMXRos (Life Technologies) was added to each well together with saponin to lyse the RBCs. Following fixation, plates were imaged using an Operetta High Content Imaging System (PerkinElmer) at fluorescence (590--640 nm). High content image analysis software supplied by the Operetta was used to measure the gametocytocidal activity (Harmony, PerkinElmer), with the readout based on the metabolically active gametocyte count per well.

Statistical Analysis {#sec4.8}
--------------------

Ordinary one-way ANOVA followed by Dunnett's multiple-comparisons test was used to determine whether there is a significant difference in mean EC~50~ values between multiple resistant lines and their parent, whereas a two-tailed *t* test was used for a single resistant line and its parent: \*\*\*\*, *p* \< 0.0001; \*\*\*, *p* \< 0.001; \*\*, *p* \< 0.01; \*, *p* \< 0.05.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsinfecdis.6b00025](http://pubs.acs.org/doi/abs/10.1021/acsinfecdis.6b00025).Figure S1, comparison of EC~50~ values for MMV007564, quinine, atovaquone, and mefloquine in MMV007564 selection-generated resistant strains. Figure S2, susceptibility of various asexual blood stages to MMV007564 and GNF179 at 24 h pulses (0--24 and 24--46 h). Figure S3, dose response curves for MMV007564 and KAF156 for multistage activity. Table S2, summary of applied GATK haplotype filters. Table S4, summary of EC~50~ values for inactive benzimidazolyl piperidine compounds ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_001.pdf))Table S1, SNV/INDEL results for Gen16, Gen28, and Gen50. Table S3, summary of PfCARL allele mutations identified as conferring benzimidazolyl piperidine and imidazolopiperazine resistance ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.6b00025/suppl_file/id6b00025_si_002.xlsx))
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All relevant sequencing samples have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive database using NCBI accession no. SRP068616.
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